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The A>e>7 model performance is extended to resolve the jet/wake anomaly, which is encountered in calculating
free shear flows by the standard k-e model. In the £-6-7 model, the relation between the rate of dissipation e and
the level of intermittency 7 is well incorporated. The model is run to predict the two-dimensional momentumless
wake where a jet and a wake coexist. The predictions of the k-e-f model are compared with those of the k-e model
as well as the experiment. It is shown that the model performance is generally satisfactory.

Introduction

IN the 1980-81 AFOSR-HTTM-Stanford Conference on Com-
plex Turbulent Flows, the plane-wake/plane-jet anomaly was

pointed out. This indicates the contradictory behavior of predicted
results for plane far wake when the eddy viscosity k-e model is
used.1 For example, when the model constants are adjusted to pre-
dict spreading rate of the plane jet correctly, the spreading rate of the
plane wake is underpredicted by as much as 30% below the experi-
mental values.2 This implies that in the jet the calculated dissipation
rate is lower than the experimental value, but the trend is reversed
in the wake.3 Such a discrepancy is thought to be a critical source
of the anomaly, which suggests that there should be other physical
mechanisms participating in the dissipation process. It is well known
that, in computing turbulent free shear flows, the rate of dissipation
at a point is closely related to the level of the intermittency.4'5

There have been a number of attempts to remedy this defect.6"9 In
particular, serious efforts have been made to reflect the effect of in-
termittency in developing computational intermittency models.10"14

They suggested a new eddy viscosity relation, which was modified
with an intermittency factor y. Cho and Chung,3 among others, re-
cently proposed a k-e-y model, based on the conventional Reynolds-
averaged moments, to incorporate the intermittency effect in the
k-e equations. The proposed k-e-y model successfully resolved
the anomaly problem of various turbulent free shear flows, e.g.,
a plane jet, a round jet, a plane far wake, and a plane mixing
layer.

In the present paper, the preceding k-e-y model is extended to
consider the case where a jet and a wake coexist. As remarked
earlier, the net momentum flux in the streamwise direction is neg-
ative in the wake and positive in the jet. If a jet and a wake are
simultaneously present, this combined structure offers a significant
flow setup for a test of the aforementioned anomaly. In particu-
lar, if the jet strength is adjusted to balance the wake drag, the net
momentum deficit becomes zero; the downstream flow is known
as a momentumless wake. A typical example can be found in the
wake of a self-propelled body moving at constant velocity. How-
ever, the momentumless wake differs from the individual jet and
wake flows because the production of turbulence decays rapidly,
causing a loss of balance between production and dissipation. The
present endeavor of predicting the momentumless wake with the
k-e-y model is not only important for the model performance, but it
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is also of interest in acquiring an understanding of the characteristics
of the momentumless wake.

A survey of literature on momentumless wakes reveals that
many theoretical and experimental studies have been made.15"17

An overview was given in Park18 and Cimbala and Park.19 It is
noticed that most of the previous studies have reported mainly on
axisymmetric momentumless wakes, and experimental studies of
two-dimensional wakes with the addition of thrust are not numerous.
Recently, Cimbala and Park performed a comprehensive experiment
of a two-dimensional momentumless wake (Re = 5.4x 103) to pro-
vide a complete set of accurate flow data. The emphasis was focused
on measurements of the mean profiles and turbulence intensities.
Smoke-wire flow visualizations at several downstream locations in
the wake were made to document the scales of turbulent structure. A
brief review of numerical studies on momentumless wakes by using
turbulence models was also contained in their papers.18'19

In this study, we applied the k-e-y model to predict a two-
dimensional momentumless wake, which encompasses the afore-
mentioned typical jet/wake anomaly. As mentioned earlier, Cho
and Chung applied the k-e-y model to test for several elemental
free shear flows. However, they computed only the similarity pro-
files of thin boundary-layer-type flow at high Reynolds number.
On the contrary, in the present treatise, we deal with the whole
flowfield around a two-dimensional momentumless wake. Atten-
tion is directed to the model performance. The predicted results
are compared against the output of the standard k-s model as well
as the published experimental data.19'20 The model validations are
extended to the cases of an asymmetric jet and a dual jet in the
momentumless wakes to scrutinize the effect of initial conditions
on two-dimensional momentumless far wakes. It is shown that the
two-dimensional momentumless wakes are simulated successfully
with the present k-e-y model. Furthermore, based on the computa-
tional results, the detailed turbulent structure of the momentumless
wake is analyzed satisfactorily.

Governing Equations and Numerical Procedure
Governing Equations

The continuity equation and the Reynolds time-averaged Navier-
Stokes equations for an incompressible, steady flow are written in
a Cartesian tensor form as follows:

3
9^' (1)

3 1 dp 3 f (Wi dUj\ 2, 1— (U,Uj) = ——JL + ——\(v + Vl)l—i. + —L\- -k8,j
dXi p dXi dXj |_ \dXj dxi ) 3 J

(2)
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where p is the density of fluid, U the mean velocity, p the mean
pressure, and k the turbulent kinetic energy, respectively.

The transport equations for turbulence closure are the equations
for the turbulent kinetic energy /:, the rate of kinetic energy dissipa-
tion £, and the intermittency factor y ? The turbulent kinetic energy
equation is as follows:

Finally, the eddy viscosity is expressed as a function of &, s, and

3xt
P - 8 (3)

where P represents the production of k due to the shear strain and
the normal strain. These are given by

3Ut (3U 3V\2 ,-— = vt[— + —] - ( w 2
dxj \3y 8x J ^

-,-v2) — (4)' dx

Following Hanjalic and Launder,21 the normal stress difference is
approximated as a constant fraction of the turbulent kinetic energy:

As pointed out in Cho and Chung,3 the rate of dissipation at a
point is closely associated with the level of intermittency. When the
intermittency y is low, the small-scale eddies are relatively inactive
and the turbulent kinetic energy is slowly dissipated. However, when
the intermittency y is high, the energy dissipation becomes large
by the presence of the fine-scale eddy motions embedded in the
energetic large straining eddies in the interactive shear layer between
the turbulent and irrotational zones. In an effort to incorporate this
effect of intermittency on the rate of dissipation, the conventional
equation of the rate of dissipation is modified. A convenient measure
to represent the additive source (or sink) of the intermittency y at
a certain point, under consideration due to the entrainment process,
is the concept of intermittency invariant F. The modified equation
of the rate of dissipation is written as follows:

Ut!^ = jL\?L!*L\ + *L\c8--ce +c£rl (6)
' 3xt 3xi \_a£ dxi\ k |_ Sl e *2 *4 J

where

3y
(7)

Here, the vortex stretching invariant term /, used in the e equation
of Cho and Chung,3 which was originally proposed by Pope,4 is
dropped in Eq. (6) since / vanishes in two-dimensional flow. It is
noted that when the frame of reference is moving at the constant
velocity Ur,- then the velocity U in Eq. (7) should be replaced by
Ur — U to secure the Galilian invariance of the scalar F.

The governing equation for the intermittency factor has the form

(8)

where

(9)

(10)

In the preceding equations, Dg is a conventional diffusion model,
and Sg represents the conversion rate of the irrotational fluid into the
turbulent one. The terms on the right-hand side of Eq. (10) denote
the generation of y, the increase of y by the spatial inhomogene-
ity, and the interaction between the mean velocity gradient and the
intermittency fluid, in sequence, respectively. Details regarding the
modeling of each term can be found in Cho and Chung.3

Y'

It is noted that the preceding eddy viscosity model reduces to the
usual form, when y is set 1.0 in the fully turbulent zone. The values
of model constants adopted in the present k-s-y model are the same
as those values of Cho and Chung3; CM = 0.09, C^ = 0.10,
m = 3.0, Cuv = 0.33, ak = 1.0, ae = 1.0, ag = 1.0, Cel = 1.44,
C£2 = 1.92, Ce4 = 0.1, Cgi = 1.6, Cg2 = 0.15, and Cg3 = 0.16.

Numerical Method and Boundary Conditions
The differential equations governing the mean and turbulent flow-

fields are solved numerically by the well-established finite volume
method.22"24 In this study, a nonorthogonal curvilinear coordinate
system is adopted, and the grid system is nonstaggered. The momen-
tum interpolation method proposed by Rhie and Chow22 is used to
avoid the problem of the pressure-velocity decoupling encountered
at the nonstaggered grid system. The coupling between pressure and
velocity is achieved by the SIMPLEC predictor-corrector algorithm
of Van Doormal and Raithby,25 which is an improved version of the
SIMPLE algorithm. The convection terms in U, V, k, s, and y equa-
tions are discretized by using the hybrid linear/parabolic approxima-
tion (HLPA) scheme,26 which satisfies the convection boundedness
criterion and is of second-order accuracy. Each discretized govern-
ing equation is solved iteratively by the strongly implicit procedure
(SIP) method,27 until a converged solution is obtained. Convergence
is declared if the absolute sum of nondimensional residuals of each
governing equation throughout the computation domain is less than
10~4. All of the calculations were implemented on a Cray Y-MP
supercomputer, and a typical CPU time was approximately 3 h for
one set of calculations.

The schematic diagram around a two-dimensional momentum-
less wake model is shown in Fig. 1. At the upstream, the freestream
velocity UQQ and the freestream turbulence level of 0.1% are given
from available experimental data.18"20 An important point in ap-
plying the k-e-y model is the inlet condition of y. In the present
computation, the upstream boundary value of y is specified to be
a very small one, i.e., y = 0.001. This is justified in that the up-
stream is assumed to be an irrotational zone. The Neumann bound-
ary conditions for all variables are applied at the outlet. No-slip and
impermeable conditions are imposed on the model surface.

The calculations of the near-wall region are carried out by
bridging the viscosity-affected near-wall layers by means of wall
functions. Since the k-e-y model is not directly applicable in
the viscosity-affected region, the first grid point away from the
wall is placed outside the viscous sublayer. Actually, the v+ val-
ues at the first grid points are within 13-21 in the present com-
putations. The boundary value of the intermittency is set to be
unity, because the first grid points from the wall are located in
the fully turbulent region. The jet velocity Uj and the turbulent

Fig. 1 Schematic configuration of momentumless wake.
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kinetic energy kj at the jet exit are given from the experimen-
tal conditions.18"20 The turbulent kinetic energy kj is set to be
0.5% of the mean kinetic energy Uj. The dissipation rate Sj is
not usually available from the experiment; therefore, a simple al-
gebraic fomulation is used, Sj = £/3/2/(/» where /7- is a turbulent
length scale. This length scale is approximated as /; = 0.3d/.28'29

The sensitivity of the solutions to the jet exit conditions has been
checked by changing the length scale /,-. A careful test indicates
that the predicted results are not sensitive to their initial condi-
tions, as long as the momentumless state is maintained in the flow-
field.

Computational Results and Discussion
The main objective of the present study is to remedy the jet/wake

anomaly by using the k-e-y model. The momentumless wake, where
a jet and a wake coexist, is the target flow. The k-s-y model3

adopted here is known to describe adequately the interaction be-
tween the mean shear and intermittency fields. The experiments
of Park,18 Cimbala and Park,19 and Park and Cimbala20 for a two-
dimensional momentumless wake flow are employed to validate the
present model predictions.

A schematic sketch of the flow configuration is shown in Fig. 1,
together with the coordinate (x, y) and the corresponding velocity
components. The centerline velocity difference Ud is defined as
the absolute difference between the freestream velocity UQQ and the
mean centerline velocity. The length scale 10 represents the distance
from the centerline at which the velocity U reaches the minimum.
The chord length c of the model is 4.66J, whereas the jet injection
slit dj at the back is 0.168J. The Reynolds number based on the
model diameter d is 5.4 x 103.

Before proceeding further, it is important to ascertain the grid
dependence of the computational results. The typical grid system is
illustrated in Fig. 2, which shows the detailed grid around the central
single-jet model. The minimum grid spacing near the model wall
is 0.038d, and the lateral boundaries for the computation are lo-
cated at 7.85J from the model. The inlet and outlet boundaries
are located 10.4J upstream and 80.0J downstream, respectively.
The computations are carried out with the two different grid sys-
tems, i.e., (160 x 111) nodes and (240 x 161) nodes. The com-
parison for the mean velocity and turbulent kinetic energy profiles
at different locations (x/d = 15 and 45) is presented in Fig. 3,
which demonstrates the grid convergence of the solutions. These
results give credence to the reliability and accuracy of the present
calculations.

Now, the mean velocity profiles behind the momentumless wake
model are plotted at five different stations (x/d = 5^5) in Fig. 4.
The computational results by employing the present k-e-y model
as well as the standard k-s model are presented together with the
experimental data of Park18 and Cimbala and Park.19 It is encour-
aging that the computed mean velocity distributions by the k-s-y
model are in good agreement with the experiment in the entire flow-
field. Only in the near-wake region (x/d = 5), some discrepancy

is seen. As shown in Fig. 4, the mean shear near the centerline de-
cays rapidly along the distance downstream. For example, the mean
velocity profile at x/d = 45 is shown to be almost flat. In con-
trast, the predicted results by the standard k-s model represent a
slow recovery of the mean velocity defect and they produce narrow
spreading rates. These phenomena may be attributed to the typi-
cal jet/wake anomaly, for which the standard k-s model is not well
suited.

It is worthwhile discussing the improvement of the k-e-y model
performance from the viewpoint of intermittency y. As emphasized
earlier, both a jet and a wake are simultaneously present in the
momentumless wake. Consider two different cases separately. In
the case of a jet, the inner product between the entrainment vector
—V(P/p) and the intermittency gradient vector Vy is positive, and
the pressure field drives more irrotational fluid towards the more
turbulent region, i.e., the inward movement of the more irrotational
fluid. This gives rise to an increase of the dissipation £, which is
reflected effectively in the y equation. Similarly, a reverse situation
is encountered in a wake. Here, the inner product becomes negative,
and s is reduced owing to the outward movement of the more tur-
bulent fluid. For these reasonings, the predicted results by the k-e-y
model are improved considerably. Details concerning the relation
between the rate of dissipation and the level of intermittency are
described in Cho and Chung.3 The change of e by intermittency can
be adjusted by the intermittency interaction invariant F in Eq. (7).
Consequently, the k-e-y model enables more physically realistic
modulations of e, depending upon the relative direction of the en-
trainment process. The argument of the momentum transfer in the
momentumless wake is properly reflected.

Comparisons are extended to the distributions of turbulent kinetic
energy k/U2^ and the corresponding Reynolds stress —uv/U^, as
displayed in Figs. 5 and 6. The computed results of/:/ U2^ by the two
models agree reasonably well with the experiment. However, in the
near-wake region, both models are seen to overpredict the level of
turbulence. This discrepancy is thought to be attributable to the fact
that the present two models did not include the effect of anisotropy
but considered only the total sum, i.e., k = 0.5(w2 + v2 -j- w2).
As demonstrated in Park18 and Cimbala and Park,19 the structure of
anisotropy in the near-wake region was clearly shown; the peak axial
turbulence intensity u2 is about_5-10% greater than the transverse in-
tensity v2 or lateral intensity w2 near the centerline (u2 > v2 > w2).

The predicted Reynolds stress profiles are shown together with
the experimental data in Fig. 6. The results computed by the k-e-y
model are satisfactory, even in the near-wake region. A closer in-
spection of the distributions near the center region reveals that the
aforestated important role of y acts very reasonably; F is negative
in the wake and positive in the jet. Owing to the multiple inflec-
tion points in the mean velocity profile (Fig. 4), the negative values
of the Reynolds stress profile are clearly displayed. As stressed in
Park,18 and Cimbala and Park,19 the negative profile is a unique
feature of the momentumless wake. The negative portion of the
Reynolds stress profile of the momentumless wake is formed due to

Fig. 2 Grid system around the momentumless wake model.
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Fig. 5 Comparison of the predicted k/U^ with the experiment.

the additional momentum flux injected into the wake field. The nor-
malized Reynolds stress profiles ~uv/uvmax vs y//0 for x/d = 5-45,
which are not shown here, indicate that the Reynolds stresses are
zero approximately at v//0 — 0.96-1.0 in the present computation,
whereas v//0 — 0.96-1.05 in the experiment.18'19 These excellent
agreements reinforce the capability of the k-s-y model for predict-
ing the momentumless wake flows. It is noted here that the zero
Reynolds stress at y//0 — 0.96-1.0 implies the zero mean shear in
Fig. 4, which occurs quite close to the y/ IQ position of the secondary
extrema in the mean velocity profiles (y//o ~ 1.0).

Further evidence of the present model performance is seen in
the comparison of the decay of centerline mean velocity defect and
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Fig. 6 Comparison of the predicted uv/U2^ with the experiment.

0.12

0.08

0.04

0.00

-0.04

o o o Exp.

0 8020 40 60

x/d
Fig. 7 Comparison of the predicted Ud/Uoo with the experiment.

2.0

1.6

0.8

0.4

0.0

o o o Exp.

20 40

x/d
60 80
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the spreading rate of the momentumless wake width with the ex-
perimental results. As in Figs. 7 and 8, the present computational
results are in good agreement with the experiment. It is known that
the momentumless wake decays rapidly compared with the elemen-
tal free shear flows, e.g., pure wake, weak wake, and weak jet.18'19

Furthermore, as can be seen in Fig. 7, the prediction by the stan-
dard k-s model intensifies the decay rate increasingly, even yielding
negative values of UJ/UOQ beyond the downstream (x/d > 15).
This inadequate prediction is caused mainly by the current turbu-
lence models, which were adjusted to the plane-jet flow predictions
(jet/wake anomaly). Accordingly, the prediction by the k-s model
for the spreading rate of wake width also exhibits too narrow spread-
ing rates along the downstream (Fig. 8). The improvement by the
k-s-y model is clearly seen in Fig. 8.

The decay rate of the maximum Reynolds shear stress uvmax/ U^
is plotted in Fig. 9. The decay rate predicted by the k-s-y model is
the same as the decay rate of the experiment,18'19 which follows as
^-1.84 However, the prediction by the k-s model deviates from the
experimental data in the downstream beyond x/d c± 30. The decay
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of Ud (Fig. 7) is replotted on a log-log scale in Fig. 10. Contrary to
the prior agreement in Fig. 7, a small deviation is observed in the
far downstream, where the predicted decay rate (Ud ~ x~l 2) by the
k-e-y model is faster than that of the experiment. The experimen-
tal decay rate follows 2, which turns out to be exactly
the same as the half of the decay rate of the preceding maximum
Reynolds shear stress «i;max ~ x~lM.

The decay rate of the maximum axial turbulence intensity
V w2max/^oo is illustrated in Fig. 11. For the three cases, i.e., the
experiment, the predictions by the k-e-y model, those and by the
k-e model, the decay laws follow vw2

max ~ #~°-81,;c~a74, and
;t~0-69, respectively. Although the k-e-y model prediction is not en-
tirely consistent with the experiment, it is in better agreement with

the experiment than that of the k-e model. As compared with the
previous figures (Figs. 9 and 10), it is revealed that the decay rate of
v w2max/^roo is much slower than those of Ud/U^ and uvma^/U^.
Nevertheless, it is still faster than those of elementary free shear
flows,15'16 e.g., a pure wake (jc~0>5) and a plane jet (;t~0-5). This sug-
gests that the present two-dimensional momentumless wake returns
faster towards isotropic turbulence than other flows, at least beyond
some distance.

Most elementary free shear flows are known to be asymptoti-
cally self-preserving. This implies that the production and its rate
of dissipation of turbulent energy are in a local equilibrium state
and the behavior far downstream becomes independent of the ini-
tial conditions. However, in the present analysis of momentumless
wake flow, it is shown that the momentumless wake is different from
other elementary free shear flows. Since momentumless wakes are
produced by injection of fluid from the rear of a model such that
the thrust exactly cancels the drag, the momentumless far wake
is affected significantly by the jet injection configurations ofjhe
model. As stated earlier, the decay rates of Ud, wUmax, and w2

max
for the present momentumless wake are much faster than those of
elementary free shear flows. Especially, uvmax decays very rapidly.
There have been several attempts to study the effect of the initial
conditions on axisymmetric momentumless wakes. Among others,
Finson16 showed the dependency on the initial conditions by using
the second-order turbulence model. The experimental endeavors can
be found in Park18 and Park and Cimbala.20

To scrutinize the effect of initial conditions on two-dimensional
momentumless far wakes, we calculated the cases of different ge-
ometries of jet injection in the momentumless wakes. Park18 and
Park and Cimbala20 made an experiment about three types of
jet injection model: 1) a central single-jet injection model, 2) an
asymmetric single-jet injection model, and 3) a dual-jet injection
model. The central single-jet injection model corresponds to the
afore-mentioned two-dimensional momentumless wake (Cimbala
and Park19). The dual-jet model was fabricated by modifying the
rear part of the air channel of the basic model to produce two
outer jets, which are located symmetrically near the edges of the
model. The asymmetric single-jet model was constructed simply
by covering one of the dual-jet slits with a thin tape. Details re-
garding the model configurations are found in Park18 and Park and
Cimbala.20

The mean velocity profiles behind the dual-jet injection and asym-
metric single-jet injection models are presented in Fig. 12. As in the
previous results (Fig. 4), the computed results show similar features
to those of the central single-jet model. The predicted mean veloc-
ity distributions by the k-e-y model are also in better agreement
with the experiment except the near-wake region (x/d = 5). The
results by the standard k-s model represent a very slow recovery
of the mean velocity defect. As is evident in Fig. 12, the predicted
mean velocity profiles for the preceding two cases of the k-s model
display significant deviations along the downstream. Moreover, the
deviation becomes wider for the dual jet than for the asymmetric
single jet. From these results, it is seen that the k-s model is not suit-
able to describe the effect of the initial conditions on the evolution
of momentumless wakes.

The decays of the centerline velocity difference Ud are plotted on
a log-log scale in Fig. 13. For the central single-jet, the asymmetric
single-jet, and the dual-jet momentumless wakes, the decay laws
by the k-e-y model follow Ud ~ jr L2°, x~135, and jc~L86, respec-
tively, and those by the experiment follow Ud ~ *~°'92, Jt~L24, and
jc~2-02, respectively. The predictions are found to be qualitatively
consistent with the experiment. As remarked earlier, Ud shows a
significant dependence on the initial conditions. No universal decay
law for Ud seems to exist numerically and experimentally. Among
the three momentumless wakes, the dual-jet injection model decays
most rapidly, and the asymmetric single jet, decays faster than the
central single-jet case.

The spreading rates of wake width in terms of /0 are presented in
Fig. 14 for the two different initial conditions. In the case of the cen-
tral single-jet injection model, the spreading rate is calculated from
the data of Fig. 8. For the central single-jet, the asymmetric single-
jet, and the dual-jet momentumless wakes, the spreading rates by
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wakes with the k-e-~j model.
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the k-s-y model follow /o ~ x°35, jc033, and jc041, respectively, and
those by the experiment follow /0 ~ *033, x036, and *°-41, respec-
tively. As shown in Fig. 14, the central single-jet momentumless
wake shows the slowest spreading rate, whereas the dual-jet mo-
mentumless wake shows the fastest spreading rate. For comparison,
the constant-eddy-viscosity prediction of Tennekes and Lumley30

(jc0-25) and the theoretically predicted value (;c0-50) for the pure wake
are also drawn in Fig. 14. As is evident, the former underestimates
the experimental and numerical results for two cases, and the latter
overestimates. The spreading rates for all three cases fall between
the eddy-viscosity prediction (;t025) and the analytical prediction
(jc050). It is encouraging that the present k-e-y model predictions
for the two cases are in broad agreement with the experimental data.
The agreement is better in the dual-jet injection model than in the
asymmetric single-jet injection model.

Finally, profiles of the turbulent kinetic energy k and its dissipa-
tion rate s obtained by the three different injection configurations
are plotted for x/d = 45, 60, and 75 in Fig. 15. Here, /i and /2
represent the half-width of kmax and emax, respectively. Contrary to
the aforestated cases (Ud and /0), the normalized profiles appear to
be universal for all two-dimensional momentumless far wakes gen-
erated by different jet-injection models. Although Ud and /0 show
significant dependence on initial conditions, the present numerical
simulations with the k-s-y model show that the rate of decay k is
almost the same for all three models. Namely, for the central single-
jet, the asymmetric single-jet, and the dual-jet momentumless far
wakes, the decay laws by the k-s-y model follow k ^ x~134, x~l33,
and jc~L31, respectively. These are closely consistent with the ex-
perimental findings.20

Conclusions
The two-dimensional momentumless wake, where a jet and a

wake coexist, has been successfully resolved by employing the
k-s-y model. Emphasis was placed on the remedy of the typical
jet/wake anomaly in free shear flows. The k-s-y model was devel-
oped by introducing an intermittency interaction invariant F into
the conventional k-s model with an appropriate modification of the
s equation. It resolved physically realistic modulation of s depend-
ing upon the relative direction of the entrainment process, and the
argument of the momentum transfer in momentumless wake was
properly reflected. The computed results for U and k by the k-s-y
model were in good agreement with the experiment in the far wake
regions, whereas those by the k-s model showed a slower recovery
of the mean velocity defect. Furthermore, the k-s-y model predicted
the Reynolds shear_stresses quite satisfactorily. The decay rates of
Ud, /o, iH>max, and w2

max in momentumless far wake regions were
predicted by the k-s-y model, and they showed excellent agree-
ment with the experiment. These decay rates of the momentumless
wake were found to be faster than those of elementary free shear
flows. The validation was extended to the flows of dual jet and of
asymmetric jet to examine the effect of the initial conditions of the
momentumless far wake. The computed results by the k-s-y model
turned out to be adequate for the investigation of the effect of the
initial conditions, whereas those by the k-s model did not properly
follow the mean velocity profiles of the experimental data. It was
found that whereas Ud and /o show significant dependence on initial
conditions, the rate of decay of k is almost the same for all three jet
injection configurations.
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